Climate models simulate a strong land-ocean contrast in the response of near-surface relative humidity to global warming: relative humidity tends to increase slightly over oceans but decrease substantially over land. Surface energy balance arguments have been used to understand the response over ocean but are difficult to apply over more complex land surfaces. Here, a conceptual box model is introduced, involving moisture transport between the land and ocean boundary layers and evapotranspiration, to investigate the decreases in land relative humidity as the climate warms. The box model is applied to idealized and full-complexity (CMIP5) general circulation model simulations, and it is found to capture many of the features of the simulated changes in land relative humidity. The box model suggests there is a strong link between fractional changes in specific humidity over land and ocean, and the greater warming over land than ocean then implies a decrease in land relative humidity. Evapotranspiration is of secondary importance for the increase in specific humidity over land, but it matters more for the decrease in relative humidity. Further analysis shows there is a strong feedback between changes in surface-air temperature and relative humidity, and this can amplify the influence on relative humidity of factors such as stomatal conductance and soil moisture.
Introduction
Observations and climate-model simulations show a pronounced land-ocean warming contrast in response to a positive radiative forcing, with land temperatures increasing more than ocean temperatures (Manabe et al. 1991; Sutton et al. 2007; Byrne and O'Gorman 2013a) . A land-ocean contrast is also found for the response of near-surface relative humidity in climate-model simulations, with small increases in relative humidity over ocean and larger decreases in relative humidity over continents (O'Gorman and Muller 2010; Laîné et al. 2014; Fu and Feng 2014) . This land-ocean contrast in changes in relative humidity is clearly evident in Fig. 1 for simulations from the Coupled Model Intercomparison Project 5 (CMIP5) that will be discussed in detail in sections 3 and 4. However, the long-term observational trends in near-surface relative humidity are not yet clear. Based on observations over 1975 -2005 , Dai (2006 found a decreasing trend in surface relative humidity over ocean, but no significant trend over land. Later studies have found a sharp decrease in land relative humidity since 2000 (Simmons et al. 2010; Willett et al. 2014) , and this is more consistent with the long-term climate-model projections.
Changes in land relative humidity are important for the land-ocean warming contrast (Byrne and O'Gorman 2013a,b) and for modulating changes in precipitation over land under global warming (Chadwick et al. 2013; Byrne and O'Gorman 2015) , and they may affect projected increases in heat stress (e.g., Sherwood and Huber 2010) . Despite this importance, a clear understanding of what controls land relative humidity is lacking. Here, we introduce a conceptual model based on boundary-layer moisture balance to analyze changes in land relative humidity, and we apply this model to idealized and fullcomplexity general circulation model (GCM) simulations.
We first review the energy balance argument for the small increase in relative humidity over ocean (Held and Soden 2000; Schneider et al. 2010 ) and why it does not apply over land. Ocean evaporation is strongly influenced by the degree of sub-saturation of near-surface air, and changes in ocean relative humidity with warming may be estimated from the changes in evaporation using the bulk formula for evaporation, provided that the air-surface temperature disequilibrium and the changes in the exchange coefficient and surface winds are negligible. Schneider et al. (2010) used this approach, together with an energetic estimate for changes in evaporation, to yield an increase in ocean relative humidity with warming of order 1% K −1 (here and throughout this chapter, relative humidity changes are expressed as absolute rather than fractional changes). The simulated increases over ocean are generally smaller ( Fig. 1) , indicating that effects such as changes in surface winds must also play a role (e.g., Richter and Xie 2008) .
This approach to understanding the increases in ocean relative humidity under warming relies on there being a simple energetic constraint on changes in evaporation, and these evaporation changes being easily related to changes in temperature and surface-air relative humidity. These two conditions are generally not valid over land, where the moisture supply for evapotranspiration is limited and varies greatly across continents (De Jeu et al. 2008) . The spatially inhomogeneous response of soil moisture to global warming, in addition to changes in land use and stomatal conductance under elevated CO 2 concentrations (e.g., Sellers et al. 1996; Piao et al. 2007; Cao et al. 2010; Andrews et al. 2011; Cronin 2013) , lead to land evapotranspiration changes with substantial spatial structure (Laîné et al. 2014) , and the near-surface relative humidity is merely one of many factors influencing evapotranspiration changes.
To understand the simulated decreases in land relative humidity under global warming, we take a different approach following Rowell and Jones (2006) , Simmons et al. (2010) , O'Gorman and Muller (2010) and Sherwood and Fu (2014) , who discuss how the land boundary-layer specific humidity is influenced by the moisture transport from the ocean. Under global warming, as continents warm more rapidly than oceans, the rate of increase of the moisture transport from ocean to land cannot keep pace with the faster increase in saturation specific humidity over land, implying a drop in land relative humidity. This explanation is attractive because it relies on robust features of the global warming response, namely the small changes in relative humidity over ocean and the stronger surface warming over land. Indeed, the most recent Intergovernmental Panel on Climate Change (IPCC) report cites this argument to explain both observed and projected land relative humidity decreases with warming (Collins et al. 2013, see Section 12.4.5.1 therein) . However, this explanation has not been investigated quantitatively using either observations or climate models. Thus, it not clear to what extent changes in land relative humidity can be understood as a simple consequence of the landocean warming contrast and changes in moisture transport from ocean to land. Indeed, changes in evapotranspiration resulting from soil moisture decreases (Berg et al. 2016) and stomatal closure (Cao et al. 2010) have been shown to influence land relative humidity, though such effects are not considered in the simple argument outlined above.
Changes in land surface properties that affect evapotranspiration may affect relative humidity through induced changes in surface-air temperature as well as through changes in specific humidity. Previous stud-ies have shown that soil drying or decreases in stomatal conductance lead to an increase in surface temperature (e.g., Sellers et al. 1996; Seneviratne et al. 2010; Cao et al. 2010; Andrews et al. 2011; Seneviratne et al. 2013 ) and this is typically argued to be a result of decreased evaporative cooling of the land surface. But it is difficult to make a quantitative theory for the increase in temperature from the surface energy budget because the surface energy fluxes depend on multiple factors over land, and the effect of increased surface sensible heat flux on surfaceair temperature cannot be estimated without taking into account atmospheric processes such as convection. The changes in the land surface-air temperature may be instead related in a straightforward way to changes in surface relative humidity under climate change by using the fact that atmospheric processes constrain the surface-air equivalent potential temperature (Byrne and O'Gorman 2013a,b) . In particular, changes in surface-air temperature and relative humidity combine to give approximately equal increases in equivalent potential temperature over land and ocean. This link between land and ocean is a result of atmospheric dynamical constraints on vertical and horizontal temperature gradients in the atmosphere [see also Joshi et al. (2008) ], and it implies that there can be a strong feedback over land between decreases in relative humidity and increases in surface-air temperature. This temperaturerelative humidity feedback is distinct from soil moisturetemperature or soil moisture-precipitation feedbacks that may also be operating (e.g., Seneviratne et al. 2010) , and here we assess its importance for decreases in land relative humidity using the atmospheric dynamic constraint discussed above.
We first derive a conceptual box model for the moisture balance of the land boundary layer (section 2). We apply the box model to idealized GCM and Coupled Model Intercomparison Project 5 (CMIP5) simulations, using first a simplified ocean-influence version of the box model (section 3) and then taking into account evapotranspiration (section 4). We then discuss the feedback between temperature and relative humidity changes over land (section 5), before summarizing our results (section 6).
Box model of the boundary-layer moisture balance over land
The box model is of the moisture balance of the atmospheric boundary layer above land (see schematic, Fig. 2 ). The specific humidity of the boundary layer is assumed to be determined by three processes: (i) horizontal mixing with the boundary layer over ocean (e.g., via mean-wind advection, diurnal sea breeze), (ii) vertical mixing with the free troposphere (via large-scale vertical motion, turbulent entrainment, shallow and deep convection), and (iii) evapotranspiration. The time evolution of the land boundary- layer specific humidity, q L , can then be written as:
where l is the horizontal length scale of the land, h is the depth of the boundary layer over land, v 1 and v 2 are horizontal and vertical mixing velocities, respectively, q O is the specific humidity of the ocean boundary layer, q FT is the specific humidity of the free troposphere, ρ a is the density of air, and E L is the evapotranspiration from the land surface. For convenience, we define τ 1 = l/v 1 and τ 2 = h/v 2 as horizontal and vertical mixing timescales, respectively. Lateral advection in the free-troposphere is assumed to lead to equal q FT over land and ocean. We further assume that the free-tropospheric specific humidity is proportional to the ocean boundary-layer specific humidity, i.e. q FT = λ q O , where λ is the constant of proportionality. Taking the steady-state solution of (1) then gives
where we have defined the parameter γ = (λ τ 1 + τ 2 )/(τ 1 + τ 2 ) to quantify the influence of ocean specific humidity on land specific humidity, and where
represents the influence of evapotranspiration on land specific humidity.
Other idealized mixed-layer models, generally more complicated than the box model described above, have been previously developed to study land-atmosphere interactions (e.g., Brubaker and Entekhabi 1995; Betts 2000; Joshi et al. 2008 ). Our box model must be taken as a time average over the diurnal cycle in the boundary layer [see discussion in Betts (2000) ]. A more complicated model could include the strong diurnal cycle over land, as well as explicitly accounting for the effects of the difference in maximum boundary layer depth over land and ocean (e.g., von Engeln and Teixeira 2013).
Ocean-influence box model
For the simplest version of our box model, the "oceaninfluence box model", we assume that the influence of evapotranspiration on the boundary-layer moisture balance over land is negligible. Setting E L = 0 in (2), we find:
The parameter γ may remain approximately constant under climate change even if there are changes in the mixing time scales τ 1 and τ 2 . For example, if the overall tropical circulation and convective mass fluxes slow down with climate warming (e.g., Held and Soden 2006; Vecchi and Soden 2007) such that both mixing time scales increase by the same factor, then this will not cause γ to change. Assuming negligible changes in γ, we can write:
where δ denotes the change in climate.
The same results would also follow (with a different definition of γ) if the influence of evapotranspiration on land specific humidity, q E , is not neglected but is instead assumed to scale with land specific humidity. Note that q E scaling with land specific humidity is not the same as the evapotranspiration rate scaling with land specific humidity. In particular, q E depends on (τ 1 τ 2 )/(τ 1 + τ 2 ), and this factor would change even if both τ 1 and τ 2 increase by the same factor.
The ocean-influence box model suggests a straightforward hypothesis -that the ratio of land to ocean specific humidity remains approximately constant as the climate changes or, equivalently, that fractional changes in specific humidity over land and ocean are equal:
By contrast the fractional changes in saturation specific humidity depend on the local temperature change and will be bigger over land than ocean. To the extent that (5) holds, it is clear that if land warms more than ocean, and ocean relative humidity does not change greatly, then the land relative humidity will decrease. We now assess the applicability of this ocean-influence box model result to idealized and comprehensive GCM simulations. We use (4) to estimate the change in land relative humidity under climate change given the changes in land temperature and ocean specific humidity, and calculating γ as the the ratio of land to ocean specific humidities in the control climate.
a. Application of ocean-influence box model to idealized GCM simulations
The ocean-influence box model is first applied to idealized GCM simulations over a wide range of climates.
The idealized GCM is similar to that of indicates what the change in surface-air land specific humidity would be if the land pseudo relative humidity did not change (i.e. for each pair of simulations, the land specific humidity change if the land pseudo relative humidity is fixed at its value in the colder simulation). Frierson et al. (2006) and Frierson (2007) , with specific details as in Byrne and O'Gorman (2013a) and O'Gorman and Schneider (2008) . It is based on a spectral version of the GFDL dynamical core, with a two-stream gray radiation scheme, no cloud or water vapor radiative feedbacks, and the simplified moist convection scheme of Frierson (2007) . The simulations have a subtropical continent spanning 20 • N to 40 • N and 0 • E to 120 • E, with a slab ocean elsewhere (Fig. 3) . The land surface hydrology is simulated using a simple bucket model (Manabe 1969) and all other land surface properties are identical to those of the slab ocean. We vary the climate over a wide range of global-mean surface-air temperatures (between 260K and 317K) by changing the longwave optical thickness, which is analogous to varying the concentrations of CO 2 and other greenhouse gases. The longwave optical thick with 10 different values of the parameter α 1 . We present results based on time averages over 4000 days.
When applying the box model to the simulations, we assume that the specific humidity is well-mixed in the boundary layer and use the surface-air specific humidities to represent the entire boundary layer. In the case of the idealized GCM, surface-air quantities are taken to be those of the lowest atmospheric level, σ = 0.989, where σ = p/p s , and p and p s are the pressure and surface pressure, respectively. The results are qualitatively similar when specific humidities are instead averaged between the surface and σ = 0.9 (not shown). Land values are averaged (with area weighting) over the entire subtropical continent, and the ocean averages are taken over neighboring ocean at the same latitudes, i.e. 2 Our results are almost identical if we calculate ocean averages using the "control" Southern Hemisphere as in Byrne and O'Gorman (2013a) , i.e. ocean values averaged over 20 • S to 40 • S and 0 • E to 120 • E. We choose to average over neighboring ocean in this study because the box model involves advection of moisture from ocean to land, and this naturally suggests averaging over ocean adjacent to the land continent.
To apply the ocean-influence box model (4), we calculate the γ parameter (the ratio of land to ocean specific humidities) for each simulation (except the warmest). We then estimate the change in surface-air land specific humidity between pairs of nearest-neighbor simulations as a function of γ and the changes in ocean specific humidity, where γ is set to its value in the colder of the two simulations and assumed to be constant as the climate changes.
Land surface-air specific humidity changes between the pairs of idealized GCM simulations, along with the estimates of these changes using (4), are plotted against the mid-point ocean temperature for each pair in Fig. 4 . The simulated specific humidity changes are well-captured by the ocean-influence box model (4) over the full range of climates (Fig. 4a) . The increases in specific humidity, δ q L , generally increase in magnitude as the climate warms (Fig. 4a) , and they are generally smaller than what would occur if land relative humidity remained constant (see the red line in Fig. 4a ). The small deviations from the prediction of the ocean-influence box model (4) could be due to the influence of evapotranspiration, changes in circulation patterns, or changes in the ratio λ of free tropospheric to surface-air ocean specific humidity which is assumed to be constant in the box model. The parameter λ might be expected to increase with warming because the fractional rate of increase in saturation vapor pressure with temperature is higher at the lower temperatures that occur further up in the atmosphere, and because there is enhanced warming aloft at low latitudes in simulations of global warming (e.g., Santer et al. 2005) , and such effects could be included in a more complicated box model.
The γ parameter is relatively constant over the wide range of climates simulated (Fig. 5a ) consistent with our neglect of changes in γ when deriving (4), with a mean value of 0.61 and minimum and maximum values of 0.56 and 0.68, respectively. Thus, for the subtropical continent in this idealized GCM, land specific humidity is approximately 60% of the neighboring ocean specific humidity.
The box model (4) predicts the changes in mean specific humidity which must be combined with the mean temperatures to estimate the relative humidity changes. However, because of the nonlinearity of the Clausius-Clapeyron relation, it is not possible to reproduce the mean relative humidity using the mean temperature and mean specific humidity. We instead use a pseudo relative humidity, defined in terms of the mean temperature, specific humidity, and pressure as H (T , p, q) where the bars denote time and spatial means, and H(T, p, q) is the thermodynamic relationship between relative humidity, temperature, pressure and specific humidity. For convenience we will refer to this pseudo relative humidity as the relative humidity, but we also show the actual relative humidity changes for comparison in Figs. 4b and 6b .
The box-model estimate of the relative humidity changes is somewhat less accurate than for specific hu- midity, but the decreases in relative humidity with warming and the decreasing magnitude of these changes as the climate warms are both captured (Fig. 4b) .
Given the simplicity of the ocean-influence box model, its ability to describe the behavior of land relative humidity in this idealized GCM is impressive. However, the geometry and surface properties of Earth's land masses are more varied and complex than the idealized continent considered, and factors such as orography or cloud feedbacks that are not included in the idealized GCM could alter the surface humidity response. Therefore, to investigate the changes in land relative humidity further, we turn to more comprehensive simulations from the CMIP5 archive.
b. Application of ocean-influence box model to CMIP5 simulations
We apply the ocean-influence box model to changes in land surface-air relative humidity between 30 year time averages in the historical (1976 ( -2005 ( ) and RCP8.5 (2070 ( -2099 simulations from the CMIP5 archive (Taylor et al. 2012) . We analyze 19 models in total 3 , and in each case the r1i1p1 ensemble member is used. As for the idealized GCM analysis, we assume moisture is well mixed in the boundary layer and take surface-air specific humidity to be representative of the boundary layer (using the average specific humidity between the surface and 900hPa gives similar results).
The specific humidities in the box model are identified with the zonal and time mean specific humidities (over land or ocean) for each latitude and for each of the (12) months of the year in the CMIP5 simulations. We calculate γ as the ratio of the mean land and ocean specific humidities at each latitude and for each month of the year in the historical simulations. By computing γ in this way, we are assuming that the horizontal exchange of moisture between land and ocean, described by the box model, is taking place predominantly in the zonal direction. Using the diagnosed γ, and assuming it does not change as the climate warms, changes in mean surface-air land specific humidity are estimated for each latitude and each month of the year using (4) and the changes in mean ocean specific humidity.
The simulated and estimated annual mean changes in land specific humidity at each latitude are shown in Fig. 6a , and the magnitude and latitudinal variations of the changes are reasonably well captured by the oceaninfluence box model, including the flat region in the Northern Hemisphere midlatitudes. The magnitude of the increases is underestimated at most latitudes which, as discussed in the case of the idealized GCM simulations could be partly due to increases in the parameter λ relating freetropospheric specific humidity to ocean surface specific humidity, but other aspects of the ocean-influence box model such as neglecting the influence of evapotranspiration are also likely to play a role. The parameter γ (i.e. the ratio of land and ocean specific humidities) is shown in Fig. 7a . It has a global, annual and multimodel mean value of 0.74, which is somewhat larger than the value found in the idealized GCM simulations. This is not surprising given that the land in the idealized simulations is a subtropical continent, which is generally drier relative to neighboring oceans than continents at lower or higher latitudes.
Together with the simulated changes in monthly-mean surface-air land temperature, the estimated changes in specific humidity are used to estimate the land pseudo rela-3 The CMIP5 models considered are: ACCESS1-0, ACCESS1-3, BCC-CSM1-1, BCC-CSM1-1-M, BNU-ESM, CanESM2, CNRM-CM5, CSIRO-Mk3-6-0, GFDL-CM3, GFDL-ESM2M, INMCM4, IPSL-CM5A-LR, IPSL-CM5A-MR, IPSL-CM5B-LR, MIROC-ESM, MIROC-ESM-CHEM, MIROC5, MRI-CGCM3, and NorESM1-M. The variables used in this paper have the following names in the CMIP5 archive: evaporation (evspsbl), surface-air specific humidity (huss), surface-air temperature (tas), and surface-air relative humidity (hurs). tive humidity changes. As for the idealized GCM analysis, it is necessary to compare pseudo-relative humidities because of the difficulty in converting time and zonal mean specific humidities estimated by the box model to relative humidities. The use of pseudo relative humidities also avoids the complication that different climate models use different saturation vapor pressure formulations. The changes in pseudo relative humidity are calculated for each month of the year before taking the annual mean for both the simulated changes and the changes estimated by the box model. The changes in pseudo relative humidity and model-outputted relative humidity are somewhat similar at lower latitudes but quite different at higher latitudes (cf. blue and black solid lines in Fig. 6b) , where the differing computations of saturation vapor pressure over ice in the various models becomes important and there is larger variability. Nonetheless the pseudo relative humidity is a useful measure of subsaturation, and we will refer to pseudo relative humidity as relative humidity for simplicity.
The simulated changes in (pseudo) land relative humidity are quite well described by the ocean-influence box model in the Southern Hemisphere and at lower latitudes (Fig. 6b) . The estimated and simulated global-mean land relative humidity changes in the various climate models are also correlated, with a correlation coefficient of 0.66. Due to the general underestimation of the specific humidity increases by the ocean-influence box model (Fig. 6a) , the relative humidity decreases are overestimated (Fig.  6b) , with a large discrepancy in the mid-to high-latitudes of the Northern Hemisphere. At these latitudes, there is more land than ocean and it is likely that changes in ocean specific humidity have a weak influence on the specific humidity in the interior of large continents, or that meridional moisture transports from ocean at other latitudes become more important. Changes in relative humidity in these inner continental regions are likely to be more strongly influenced by local evapotranspiration changes, and they could be influenced by shifts in the iceline or changes in soil moisture or vegetation, effects which are not considered in the ocean-influence box model.
Influence of evapotranspiration
The ocean-influence box model captures much (but not all) of the behavior in vastly more complex GCMs. However, the moisture balance of the land boundary layer is also affected by evapotranspiration, and changes in land surface properties, such as soil moisture or stomatal conductance, can affect evapotranspiration in the absence of any changes in the overlying atmosphere. For example, changes in stomatal conductance under elevated CO 2 conditions has been shown to reduce both evapotranspiration and land relative humidity without changes in ocean humidity (Andrews et al. 2011) .
We turn to the full box model (2) which includes the effects of evapotranspiration. We assume once more that changes in γ are negligible, such that:
There are two terms contributing to changes in q L in (6): the term arising from changes in ocean specific humidity, γδ q O , and an additional land evapotranspiration term, δ q E . We next assess their relative importance in controlling changes in land humidity in the idealized GCM and CMIP5 simulations.
a. Application of full box model to idealized GCM simulations
We first examine the idealized GCM simulations with a subtropical continent. In contrast to the ocean-influence box model (4), for which the single parameter γ could be easily estimated in the control simulation in each case, the full model (6) has two parameters to be estimated, γ and q E . To estimate these parameters, we perform an additional set of simulations with the same longwave optical thicknesses as in the 10 simulations described previously Figure 4 , but here showing estimates of the surface-air specific and relative humidity changes from the full box model (6). The contributions due to ocean specific humidity changes (blue dashed lines) and evapotranspiration changes (green dashed lines) are also shown. The contributions to changes in relative humidity are calculated using (A3). Pseudo relative humidities are shown in this figure (the changes in actual relative humidity are shown by the blue line in Fig. 4b.) but with the evapotranspiration set to zero over land. Specifying the land evapotranspiration in this way is analogous to drying out the soil. (Note that the change in evapotranspiration affects both the humidity of the atmosphere and the surface energy balance.) Using these additional simulations with E L = 0, we can estimate γ for each climate using (2)
The γ values obtained are smaller than those calculated from the control climate for the ocean-influence box model (Fig. 5a ) because the contribution of evapotranspiration to the land specific humidity is now also taken into account. We then use these γ values to estimate q E for the original simulations with dynamic land surface hydrology : q E = q L − γq O . The values of q E increase with warming except in hot climates (Fig. 5b) . Interestingly, the influence of evapotranspiration on land specific humidity as measured by q E roughly scales with the land specific humidity except in hot climates (compare the dashed black and solid red lines in Fig.  5b ), and this helps to explain why the ocean-influence box model is accurate even though evapotranspiration affects land specific humidity.
We then estimate the changes in land specific humidity between pairs of nearest-neighbor simulations from (6) with γ assumed to be constant as the climate changes. The simulated and estimated changes in surface-air land specific humidity, along with the contributions due to changes in ocean specific humidity and land evapotranspiration are shown in Fig. 8a . The full box model captures the basic behavior of the land specific humidity changes as a function of temperature, although it is less accurate in hot climates. The contribution from ocean specific humidity changes, γδ q O , is larger than the contribution from land evapotranspiration for all climates (Fig. 8a) . The changes in simulated land (pseudo) relative humidity are also well captured by the full box model (Fig. 8b) .
Because relative humidity depends on temperature as well as specific humidity, there is no unique way to use the box model result (6) to decompose changes in land relative humidity into contributions due to ocean specific humidity and land evapotranspiration. However, a decomposition derived in appendix A (equation A3) has several desirable properties. According to the decomposition, the contributions to the change in land relative humidity from evapotranspiration and ocean specific humidity are weighted according to their contribution to land specific humidity in the control climate. The change in ocean specific humidity leads to a decrease in land relative humidity if the fractional increase in ocean specific humidity is less than the fractional increase in saturation specific humidity over land. Similarly, evapotranspiration contributes to a decrease in land relative humidity if the fractional increase in q E is less than the fractional increase in saturation specific humidity over land. (Note that the fractional change in q E is generally different from the fractional change in evapotranspiration.)
Using this decomposition of the change in land relative humidity, we find that the land evapotranspiration contribution is of comparable importance to the ocean specific humidity contribution for the idealized GCM simulations (Fig. 8b) . By contrast, we found that the contribution of ocean specific humidity was more important than land evapotranspiration when land specific humidity changes were considered. The discrepancy arises because, according to the decomposition (A3), it is not the magnitude of a particular contribution to the change in specific humidity that matters for its contribution to the change in relative humidity, but rather how its fractional changes compare to the fractional changes in saturation specific humidity and how much it contributes to the land specific humidity in the control climate.
b. Influence of evapotranspiration in CMIP5 simulations
We now investigate how land evapotranspiration contributes to specific humidity changes in the CMIP5 simulations. We need to estimate both γ and q E for the full box model, but there are no CMIP5 simulations analogous Multimodel-mean changes in zonal-and time-mean surfaceair land specific humidity (solid black line) in the CMIP5 simulations, and the contributions to these changes due to ocean specific humidity changes (γδ q O ; blue dashed line), land evapotranspiration changes (εδ E L ; green dashed line), and the remainder term (ζ ; red dashed line) as estimated using the regression relation (7).
to the zero-evapotranspiration simulations with the idealized GCM described above. Instead, we estimate the influence of evapotranspiration and ocean specific humidity on land specific humidity using a multiple linear regression approach based on the intermodel scatter across the CMIP5 models. We use the regression relationship
which is motivated by the full box model (2), but note that εδ E L will not generally equal δ q E to the extent that parameters such as τ 1 and τ 2 change with climate, and changes in these parameters will contribute to the remainder term ζ . The variables δ q L , δ q O and δ E L are identified as the zonal and time mean for each latitude and month of the year in each model. The regression coefficients γ, ε, and ζ are then estimated using ordinary least squares regression for each latitude and month of the year. The annual means are shown for γ and ε in Fig. 7 and for ζ in Fig. 9 . The regression coefficient γ has a similar magnitude and latitudinal structure to the γ parameter calculated for the ocean-influence box model (Fig. 7a) . The coefficient ε is positive at all latitudes (Fig. 7b) indicating that enhanced evapotranspiration increases the land specific humidity, while the remainder term ζ (Fig. 9 ) is negative at most latitudes. By construction, the regression relationship (7) is exactly satisfied in the multimodel mean. Based on this relationship, the annual-mean contributions to changes in land specific humidity from changes in ocean specific humidity, changes in land evapotranspiration, and the remainder term are shown in Fig. 9 . At all latitudes, changes in land specific humidity are dominated by the ocean specific humidity contribution. The contribution due to changes in land evapotranspiration is positive and has its largest values in the Northern Hemisphere where the land fraction is greatest.
It is not possible to estimate the individual contributions to changes in land relative humidity for the CMIP5 simulations, as we did for the idealized GCM simulations. This is because the decomposition of relative humidity changes discussed in appendix A involves the individual contributions to land specific humidity in the control climate, and these are difficult to calculate using a regression approach. However, the results from the idealized GCM simulations suggest that evapotranspiration could be important for the changes in land relative humidity in the CMIP5 simulations, even though it is a second order influence for changes in land specific humidity. It would be worthwhile to estimate the land evapotranspiration contribution for full-complexity GCMs by performing simulations with specified land evapotranspiration rates as was done for the idealized GCM in this study.
Feedback between temperature and relative humidity changes over land
Throughout this paper, we have calculated changes in land relative humidity by first estimating the specific humidity changes and then combining these estimates with the temperature changes, which we have taken as given. However, changes in land relative humidity can be expected to lead to changes in surface-air temperature, and this can be quantified through the atmospheric dynamic constraint linking changes in temperature and relative humidity over land and ocean (Byrne and O'Gorman 2013a,b) . In the tropics, this constraint is based on convective quasi-equilibrium in the vertical, and weak gradients of free tropospheric temperatures in the horizontal, and extensions to the extratropics are also discussed in Byrne and O'Gorman (2013b) . As a result, land temperatures and relative humidities must change in tandem as the climate warms such that the change in surface-air equivalent potential temperature (θ e ) is approximately the same over land and ocean (δ θ e,L ≈ δ θ e,O ). Because this constraint follows from atmospheric dynamical processes, we will refer to it as the "dynamic constraint" on surface-air temperatures and humidities. By contrast, we will refer to the link between surface-air humidities over land and ocean because of moisture transport between them (as formulated in the box model in this paper) as the "moisture constraint" (δ q L = γδ q O + δ q E ).
A feedback loop is used to conceptualize the interaction between changes in temperature and relative humidity over land and ocean (Fig. 10) . Land is drier than ocean in the control climate, and as a result the dynamic constraint implies that land temperatures increase more than the ocean temperature in response to a positive radiative The "dynamic constraint" arises from atmospheric processes that link temperatures and relative humidities over land and ocean. The "moisture constraint" is due to the limited supply of moisture from the ocean to the land boundary layer.
forcing (Byrne and O'Gorman 2013a) . The moisture constraint then implies that the enhanced land warming leads to a land relative humidity decrease because of the limited supply of moisture from the ocean. According to the dynamic constraint, a decrease in land relative humidity enhances the land warming further. The feedback loop can also be entered via a non-radiative forcing that causes a decrease in humidity, such as the physiological forcing from reduced stomatal conductance in an elevated-CO 2 world or a local decrease in soil moisture.
We assess the strength of the feedback between relative humidity and temperature changes over land for the case in which a forcing alters the specific humidity over land, while the ocean temperature and ocean specific humidity are assumed to remain constant. Considering the relative humidity to be a function of specific humidity and temperature and linearizing, we can write the total change in land relative humidity as the sum of contributions from changes in specific humidity at constant temperature (the "forced" component) and changes in temperature at constant specific humidity (the "temperature feedback" component):
where
is the sensitivity of relative humidity to warming at constant specific humidity, and δ T L is the change in land temperature that arises because of the change in land relative humidity. The land temperature change is then related to the relative humidity change by the dynamic constraint:
is the sensitivity of temperature to changes in relative humidity at constant equivalent potential temperature (θ e,L ). The land equivalent potential temperature remains constant because the dynamic constraint requires that changes in equivalent potential temperature are the same over land and ocean [see Byrne and O'Gorman (2013b) ], and we are assuming that the ocean temperatures and humidities (and therefore ocean equivalent potential temperature) are not changing in this example. Combining (8) and (9), we can express the total land relative humidity change as:
We next evaluate (10) for a simple numerical example. For constant specific humidity, a 1K temperature increase leads to approximately a 6% fractional reduction in relative humidity. Assuming a land relative humidity of 50% this corresponds to a 3% absolute reduction in relative humidity:
The sensitivity of land temperature to changes in land relative humidity at fixed equivalent potential temperature, ∂ T L /∂ H L | θ e,L , can be estimated using the thermodynamic relation T (θ e , H, p). For a land relative humidity of 50%, a land surface temperature of 298 K, and a surface pressure of 1000hPa, we find ∂ T L /∂ H L | θ e,L ≈ −0.2 K % −1 where we use the Bolton (1980) 
L is plotted as a function of ocean surface temperature in Fig.3a of Byrne and O'Gorman (2013a) ].
Using (10) and the values for the partial derivatives given above, we find that a forced decrease in land relative humidity of 1% results in a total land relative humidity decrease of 2.5% when the temperature feedback is included for this illustrative example, implying an amplification by a factor of 2.5 in the decrease in relative humidity. (For a higher control relative humidities of 70% over land, the amplification would be by a factor of 3.) Thus, feedbacks between temperature and relative humidity over land strongly amplify forced changes in relative humidity due to, say, changes in stomatal conductance or changes in soil moisture. A further implication is that more than half of the total change in relative humidity comes from the change in temperature rather than the changes in specific humidity, and this holds true for land surface temperatures above 292K in this illustrative example with control land relative humidity of 50%.
Conclusions
We have introduced a conceptual box model to investigate the response of near-surface land relative humidity to changes in climate. Neglecting the contribution of evapotranspiration to the moisture balance over land (or assuming that q E scales with land specific humidity), the simplest version of our box model suggests a purely oceanic control on land boundary-layer humidity, with equal fractional changes in specific humidity over land and ocean. Together with enhanced warming over land relative to ocean and small changes in ocean relative humidity, this simple box model implies a decrease in land relative humidity as the climate warms. The ocean-influence box model captures many features of the humidity response in idealized GCM and CMIP5 simulations, supporting the hypothesis of a strong oceanic influence on boundarylayer specific humidity over land.
The full box model, incorporating evapotranspiration, is applied to the idealized GCM simulations using additional simulations with specified evapotranspiration rates, and to the CMIP5 simulations using a linear regression approach. Compared to moisture transport from the ocean, evapotranspiration has only a secondary influence on the land specific humidity and its changes. However, according to a decomposition of the relative humidity change that weights the different contributions according to their importance in the control climate, evapotranspiration plays an important role for the changes in land relative humidity in the idealized GCM simulations.
In addition, feedbacks between temperature and relative humidity changes over land, associated with the dynamic constraint on the land-ocean warming contrast and the moisture constraint described in this paper, can strongly amplify relative humidity changes. We have derived an expression for the strength of this amplification, and we have given a simple example in which the relative humidity change resulting from a moisture forcing is amplified by a factor of 2.5 when changes in temperature are taken into account. For sufficiently high control-climate temperatures, the majority of the change in land relative humidity comes from the induced change in temperature rather than the change in specific humidity. This amplification is consistent with the strong influence of reduced stomatal conductance or decreases in soil moisture on land relative humidity found in previous studies (e.g., Cao et al. 2010; Andrews et al. 2011; Berg et al. 2016) .
As mentioned in section 1, the pattern of relative humidity changes influences the response of the water cycle to climate change. In particular, spatial gradients of fractional changes in surface-air specific humidity (δ q/q) contribute a negative tendency to precipitation minus evapotranspiration (P − E) over continents as the climate warms (Byrne and O'Gorman 2015) . The ocean-influence box model predicts that δ q/q is spatially uniform, implying no effect of spatial gradients in this quantity on P − E changes over land. However, the CMIP5 simulations do show spatial gradients in δ q/q, and thus a more detailed understanding of the pattern of relative humidity changes is needed for the purpose of understanding changes in P − E changes over land.
Future work could investigate the controls on the detailed pattern of δ q/q over land in order to better understand the P − E response over land. Further investigation of the temperature-relative humidity feedback over land in comprehensive models would also be valuable. Finally, it is of interest to determine if the box models discussed here can be adapted for application to shorter-term variability, and in particular to the sharp decrease in global-mean land relative humidity that is seen in observations between 2000 and 2008 (Simmons et al. 2010; Willett et al. 2014 ).
δ q = Hδ q * + q * δ H + δ Hδ q * .
Dividing (A1) by the specific humidity q and rearranging, we can express fractional changes in relative humidity as:
Using (6), we relate changes in land specific humidity to changes in ocean specific humidity and changes in evapotranspiration, i.e. δ q L ≈ γδ q O + δ q E , and substitute in to (A2) to obtain an expression for fractional changes in land relative humidity in terms of an ocean specific humidity contribution and a evapotranspiration contribution:
The properties of this decomposition are discussed in section 4a.
